In this work, GaN nanocrystals doped by europium ͑III͒ ions at different concentrations have been synthesized by modified nitridation method at 1050°C temperature. From X-ray diffraction spectra, it has been found that the size of nanocrystals strongly depends on the dopant concentration in a nonlinear way and varying from ϳ20 up to 35 nm when the europium concentration varies from 0.5 up to 2 mol %. Moreover, it has been found that obtained nanocrystals are characterized by two main emission bands, one related to GaN core ͑ϳ364 nm͒ and the second to surface/defect states ͑ϳ600 nm͒. It has been shown that the relative intensity of these bands varies with changing of the europium concentration due to changes of GaN nanocrystals surface-tovolume ratio. © 2009 The Electrochemical Society. ͓DOI: 10.1149/1.3087448͔ All rights reserved.
In recent years, the study of semiconductor nanocrystals ͑NCs͒ generates intense interest because, at this scale, materials exhibit many properties that cannot be found in their bulk counterparts. It is mostly due to the strong dependence of the energy bandgap on the grain size and huge surface-to-volume ͑S/V͒ ratio. For these reasons, many technological and scientific activities have been focused on controlling the size of the NCs and their surface properties. Recently, GaN has become a material of particular interest because of its useful electrical properties and the direct bandedge in the UV region.
Thus, the nanocrystalline GaN should also be characterized by the emission at UV range, but also this wide bandgap enables the doping of these NCs by the different rare-earth ͑RE͒ ions, emitting at both IR and visible. It makes this material more suitable for many interesting optoelectronic 1 and biological applications 2 than, i.e., the Si or CdSe matrix. Recently, it has been shown by us 3, 4 and other authors [5] [6] [7] [8] that this kind of nanostructured material ͑GaN:Eu͒ can be promising for red emission. The doping of NCs can also have other interesting influences on the NCs optical and structural properties. Recently, Du et al. 9 have pointed out that the diffusion through the NCs is strongly suppressed, and the only viable alternative is the dopant adsorption on the surface, at a location that corresponds to a bulk lattice site when overgrown by additional material. Moreover, authors have suggested that the successful doping of NCs depends mainly on three factors: surface morphology, nanocrystal shape, and surfactants in the growth solution. 10 Thus, the doping of NCs by RE ions, which easily form the oxide phase, could strongly modify the structural properties of NCs because overgrowth becomes less probable in the growth direction, where the RE ions have been attached.
It is well known that the optical properties of the nanocrystalline materials vary with their size/shape and surface properties. Thus, a possible change in the NCs size, shape, or surface morphology cannot be neglected, especially in the NCs size regime corresponding to the appearance of the strong quantum confinement.
Nevertheless, most investigations in the field of NCs doped by RE focus on the optical properties of RE ions and do not discuss the influence of incorporated ions on the NC structural as well as optical properties. Mostly, it is assumed that there are no structural differences between undoped and doped grains obtained at similar growth conditions. Thus, the understanding and controlling of doping phenomena in NCs is still in the preliminary stage, especially for recently synthesized materials, such as GaN.
Thus, the aim of this work is to study the phenomenon of the doping of the GaN NCs by europium ions and to investigate the influence of the dopant concentration on the optical as well as structural properties of GaN:Eu NCs. The GaN:Eu nanopowder was synthesized via nitridation of nanocrystalline ␤-Ga 2 O 3 in a flow of anhydrous ammonia. The preparation procedure has been described in detail in our previous paper. 11 The structure of the samples was examined by X-ray powder diffraction ͑with a Siemens D5000 diffractometer and Cu K␣1 radiation, = 0.15406 nm͒. Photoluminescence ͑PL͒ was excited by the 300 nm line of a Ar laser ͑Innova 200 of Coherent͒, and the PL spectrum was analyzed by spectrometer ͑HR4000 Ocean Optics͒. In order to perform a comparison of structural properties of different GaN powders, the X-ray diffraction ͑XRD͒ spectra were measured and the broadening of XRD peaks was analyzed by using the Scherrer formula. Figure 1 shows the XRD patterns of the GaN powders obtained at 1050°C doped by Eu 3+ at different concentrations. Observed diffraction peak positions indicate the formation of hexagonal GaN with a wurtzite-type structure. By means of the Scherrer formula for the main ͑100͒ XRD peak, the average sizes of the crystallite grains have been determined to be 31, 25 
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3+ , respectively. Obtained results show that the europium concentration has a strong influence on GaN NCs size. Moreover, it is clearly observed that this dependence is nonlinear.
A similar effect has already been observed by other authors for different materials. For example, the shrinkage of the nanocrystalline grains due to the Eu 3+ ion incorporation was also observed by Pires et al. 12 for Gd 2 O 3 grains prepared from the basic carbonate precursor. The authors have also observed a nonlinear decrease of the average diameter of grains with the increase in Eu 3+ concentration. In their case, however, the grain sizes change from ϳ150 nm ͑undoped case͒ to ϳ110 and ϳ100 nm for Gd 2 O 3 doped by 1% Eu 3+ and 5% Eu 3+ , respectively. Contrary, Wang et al. 13 have found from transmission electron microscopy and XRD investigations of CeO 2 :Eu 3+ NCs that the doping of NCs by Eu 3+ ions resulted in a little larger particle size compared to the undoped nanocrystals, increase of its crystallinity, and presence of an irregular morphology. Panatarani et al. 14 have observed that the presence of Eu ions in the ZnO grains with the size between 600 and 1000 nm did not greatly influence the size and morphology of these grains. However, contrary to the above-mentioned examples, in our case we deal with the semiconducting material of group III-V and much smaller grain sizes, where the introduction of dopant inside the NC core becomes a technological challenge, for which there is still lack of sufficient investigations.
In our recent paper, 4 where the NC size has been controlled by changing the nitridation temperature, it has been observed that the ratio between the intensities of UV and visible emission bands strongly varies with the size of the GaN grains. The UV emission decreases in favor of the surface-related visible emission with the decrease of the grain size. This phenomenon has been associated with the high activity of GaN surface and changes of surface-tovolume ratio. Thus, it is expected that the observed shrinkage of GaN grains induced by changes in the dopant concentration will influence the optical properties of doped NCs in a similar way. Figure 2 shows PL spectra for pure ͑thick solid line͒ and Eu-doped ͑thin lines͒ GaN powders obtained at 1050°C at different Eu concentrations. The nitridation temperature has been selected in a way to achieve the best GaN-related emission rather than Eu emission.
Two different emission bands, typical for the GaN structure, can be observed: UV band at ϳ364 nm related to the core emission and visible band centered at ϳ600 nm related to surface/defect states. Additionally, the weak emission related to the inter shell 4f-4f transitions of the europium ions appears at ϳ612 nm and reaches the maximum intensity when the europium concentration reaches ϳ1.5 mol %.
The average sizes of GaN grains vs the europium concentration obtained from different XRD peaks ͑for different crystallographic axis͒ for all samples are shown in Fig. 3a . First of all, it can be seen that the incorporation of 0.5 mol % of europium into GaN powder reduces the nanocrystals size to half. Furthermore, the doping gives the nonlinear dependence of the grain sizes vs the europium concentration. In the range from 0.5 up to 1.0 mol %, the grain sizes increase, whereas in the range from 1.0 up to 2.0 mol %, the grain sizes decrease again. Second, the grain sizes obtained for the different crystallographic axes differ, suggesting an irregular shape of the grains, which also depends on the europium concentration.
In the case of wurtzite GaN, the quasi-triangular and quasihexagonal shape of the ͑001͒ facets are most common 15, 16 . The variations in shapes appear when the growth rate in directions ͓−100͔, ͓010͔, ͓1-100͔ and ͓−100͔, ͓100͔, ͓0-10͔ are different. In ͑001͒ cross-sectional view on wurtzite nanocrystal, the angle between ͓100͔ and ͓110͔ directions is equal to 30°. From the XRD experiment, we know the size d of the nanocrystal in the directions perpendicular to ͑100͒ and ͑110͒ planes. Thus, assuming the hexagonal shape of the nanocrystals, we should obtain the ratio d͑110͒/d͑100͒ equal to cos͑30°͒ = 0.866. This is true only in the case of nanocrystals obtained with 1 and 1.5 mol % Eu incorporation. In the case of 0.5 and 2 mol % Eu, the shape of the nanocrystals is quasi-triangular rather than hexagonal. Assuming the equilateral triangular shape of the nanocrystals d ͑100͒ = 0.866 d ͑110͒ condition must be fulfilled. In the investigated case, we obtained 7% disagreement in the case of 2 mol % Eu and 17% disagreement in the case of 0.5 mol % Eu. On the basis of these geometrical considerations, it can be assumed that in the case of 0.5 and 2 mol % Eu, the shapes of the nanocrystals are quasi-triangular, while at 1 and 1.5 mol % Eu, the shapes are rather quasi-hexagonal. Thus, the 
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In Fig. 3b the PL intensities related to GaN NCs core and surface/defects related bands have been shown as a function of the europium concentration. Because the visible band appears in both cases ͑for doped and undoped NCs͒, we believe that the main contribution to this band comes from the GaN NC itself and can be related to GaN surface, as has also been suggested by the other authors in the case of GaN layer. 17 Moreover, both nitrogen and gallium vacancies can play an important role here, as has been suggested many times for the bulk GaN. [18] [19] [20] It can be seen that the UV and visible emission band intensities decrease slightly while increasing the Eu concentration up to 0.5 mol % Eu. Above 0.5 mol % Eu concentration, both emission intensities simultaneously increase up to 1.0 mol % Eu. While changing the europium concentration up to 1.5 mol %, the defectrelated PL intensities increase while the GaN core-related emission remains almost the same. Further doping up to 2 mol % Eu induces the decrease of both PL intensities. Similar results have been shown by Wu et al., 7 where the GaN band-edge emission decreases dramatically when Eu is introduced into the powder. Moreover, authors have observed that the emission peaks of the Eu 3+ ions intensify with increasing Eu concentration up to 1.25% and weaken for higher doping concentrations, which is the result very similar to our data. In porous GaN films implanted by Eu, the GaN band-edge PL intensity is enhanced in the implanted porous film when compared to the luminescence intensity of as-grown GaN and increases with an increase in the implantation dose. 21 Also Maruyama et al. 22 have observed that for 0.1 at %, Eu-doped GaN NCs, the band-edge emission of the host GaN is larger than the emission around 623 nm and decreases strongly at higher Eu concentrations. The inset in Fig.  3b shows the ratio between the PL intensities related to surface/ defects band ͑visible͒ and the emission related to the GaN NC's core ͑UV͒ as a function of the NC's size. It can be observed that this ratio decreases while the NC's size increases. For comparison, the theoretically estimated surface-to-volume ratio for a sphere has been also shown at the same inset. The similarity of both dependences suggests that changes in the GaN emission intensities can be directly related to changes of the S/V ratio. Moreover, it can be seen that the experimentally obtained ratio differs slightly for the last two samples from the expected trend. These points have been obtained for the samples doped by 1.0 and 1.5 mol % of Eu +3 , which characterize with the most intense Eu-related emission. The most intensive emission means that the excitation of Eu ions is most efficient, which indicates that the relaxation channel is activated for the excited carriers, beside the NC's core and the surface recombination. This relaxation channel introduces some deviations from the theoretical estimations presented in the inset in Fig. 3b . Moreover, it is worth mentioning here that europium ͑III͒ ions occupy mainly the substitutional trivalent Ga 3+ sites, in which the ionic radius ͑0.126 nm͒ is smaller than for europium ͑0.128 nm͒. Thus, the incorporation of Eu ions inside the GaN NCs' core changes their lattice constant, which should induce strain, 23 which, in turn, creates more defect states ͑increasing visible intensity͒. Moreover, for the GaN film, Ishizumi et al. 24 have observed that Eu 3+ -ion doping induces stacking faults and twins with the dislocations in the GaN host crystal and that the distortion of the crystal lattice occurs over the entire GaN:Eu 3+ films as a result of these dislocations. Thus, the number of defect states should also depend on the europium concentration and could have some impact on relative visible/UV PL intensities vs dopant concentration. Moreover, the effect of lattice constant changes induced by the doping can also be responsible for the doping induced changes in GaN NCs' sizes/ shape.
The second important influence of the doping of GaN NCs by Eu ions, beside the changes of NC's size and shape and, in consequence, NCs emission properties, is the induction of the optical nonhomogeneity of the NC emission. This effect can be seen in Fig.   3b for the defect/surface-related emission, where the standard deviations of PL intensities taken for different parts of the same sample have been shown. Up to 1 mol % Eu, the uniformity of PL is very good, while above this fraction the defect-related emission fluctuations become significant. At the same time, the PL related to GaN NCs almost does not change. This can be due to the fact discussed previously that the doping with Eu ions of Ͼ1% introduces more defects to the GaN NCs.
Penn et al. 25 have observed for epitaxial GaN:Eu at least six different sites for Eu ions emitting close to ϳ620 nm, where the majority site is a substitutional site in which the Eu is slightly shifted from the site of the Ga that it replaces. They have proposed that these sites may be due to an interstitial Eu that is accompanied by Ga vacancy. This defect configuration may constitute an electron trap leading to a wide absorption band through which the Eu ion can be excited as well. Also Shi et al. 26 and Wu et al. 7 have observed Eu-related emission at ϳ620 nm in GaN:Eu powder with micrograins.
From our PL spectra, it has been found that the main Eu 3+ -related emission occurs at ϳ612 nm. Emissions at a similar wavelength ͑611 nm͒ have been observed by Hirata Flores 6 for nanograins ͑ϳ5 to 8 nm͒ and Xu et al. 8 for GaN:Eu nanoneedles of diameters from 5 nm to 1 m with a length of up to a few microns.
This disagreement between the experimental data and the expected value of the emission-band position typical for Eu in nitrogen surrounding in GaN at 625 nm 27 can be understood if we realize that this measured value is very similar to the position of the emission band of Eu 3+ ions in the oxide matrices, where it typically appears at ϳ610 nm. 28 This suggests that some of the Eu ions in nanograins have oxygen neighbors and most probably are placed at the oxygen rich sites at the surface because the XRD results do not show any additional Ga, N-oxide phase but only pure GaN crystalline phase. A similar conclusion has been given based on the excitation properties of Eu ions and discussed in our previous paper.
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Conclusion
The GaN:Eu powders at different europium concentrations have been obtained and examined by means of XRD and PL spectroscopy. First of all, it has been shown that the doping with europiumions changes the NC's size in a nonlinear way but can also change the NC's shape. Moreover, it has been shown that the GaN NC's related emission strongly depends on the surface-to-volume ratio induced by the doping of NCs by europium ions. It has been proposed that small deviations from this rule are due to the efficient coupling between Eu ions and GaN NCs at some concentrations and increased number of defect states created by doping.
Additionally, it has been shown that the doping of GaN NCs by Eu ions above some critical concentration ͑Ͼ1.5 mol %͒ introduces an optical inhomogeneity to the material.
